The appropriate positioning characteristics and fast deployment of Long Term Evolution (LTE) systems makes this technology a promising candidate towards future satellite and terrestrial hybrid scenario. Nevertheless, further studies on the achievable LTE positioning capabilities are still necessary for commercial or realistic network deployments. This paper describes a tool that provides standalone localization in LTE networks. The tool is a software-defined radio (SDR) receiver working at the LTE physical layer, performing acquisition, tracking and positioning. The SDR LTE positioning receiver is validated in a static scenario, showing position errors below three meters in the absence of multipath for a signal bandwidth of 1.08 MHz.
The appropriate positioning characteristics and fast deployment of Long Term Evolution (LTE) systems makes this technology a promising candidate towards future satellite and terrestrial hybrid scenario. Nevertheless, further studies on the achievable LTE positioning capabilities are still necessary for commercial or realistic network deployments. This paper describes a tool that provides standalone localization in LTE networks. The tool is a software-defined radio (SDR) receiver working at the LTE physical layer, performing acquisition, tracking and positioning. The SDR LTE positioning receiver is validated in a static scenario, showing position errors below three meters in the absence of multipath for a signal bandwidth of 1.08 MHz. Figure 1 . Time-frequency grid of the LTE signals specified in Release 9 of the standard for 6 RB, frame structure type 1 (applicable to FDD) and normal cyclic prefix (CP), assuming a sampling frequency of 1.92 MHz and unicast transmission without user data.
Nomenclature

II. Long Term Evolution
One of the main features introduced by LTE in mobile communications is the use of multicarrier signals in the downlink transmission. The multicarrier waveform introduces flexibility, spectral efficiency and robustness against frequency-selective fading introduced by multipath, among other advantages with respect to traditional single carrier signals. Particularly, the LTE downlink transmission is based on the Orthogonal Frequency Division Multiplexing (OFDM) modulation, which is defined as
where C is the power of the band-pass signal, N is the total number of subcarriers, b (n) is the complexvalued symbol transmitted at the n-th subcarrier, and T is the OFDM symbol period. According to the physical layer specification, 1 the symbol period T is equal to 66.67 µs, which corresponds to a subcarrier spacing F sc = 1/T of 15 kHz. In order to avoid intersymbol interference (ISI), the end of the OFDM symbol is added at the beginning, forming the well-known cyclic prefix (CP). The normal CP configuration and FDD transmission will be adopted in this paper, resulting in a special CP period T CP ′ of 5.2 µs and a normal CP period T CP of 4.7 µs. The minimum resource allocation is called resource block (RB), and is formed by resource elements along 7 OFDM symbols and 12 subcarriers in this normal CP configuration. Thus, the transmission grid of a base station is defined in time and frequency, as it is shown in figure 1 . The system bandwidth is scalable from 1.4 MHz to 20 MHz, but guard bands are left at the edges of the spectrum, thus only allowing a minimum transmission bandwidth of 6 RB (i.e. 
II.A. Synchronisation signals
The synchronization signals are used for cell search and acquisition of the received signal without requiring any assistance data. LTE networks admit up to 504 unique cell identities N cell ID grouped into 168 groups of three sectors. In order to identify every cell, two synchronization signals are periodically broadcast with a specific code for each cell: the Primary Synchronization Signal (PSS) and the Secondary Synchronization Signal (SSS). They are allocated in the center of the spectrum with 62 contiguous pilot subcarriers (independently of the system bandwidth), and avoiding the DC subcarrier. Three different PSS sequences can be used to indicate the cell identity within the group N ID (cell ID group) is distinguished by using one of the 168 different SSS sequences. These sequences are generated by scrambling two length-31 msequences (maximal length sequences), which differ between subframe 0 and subframe 5. Once both signals are detected, the cell ID is computed as follows,
II.B. Reference signals
Several reference signals are specified in the standard, but we will focus only on the cell-specific reference signal (CRS) and the positioning reference signal. The CRS signals are typically used for downlink channel estimation in order to aid data demodulation, but they can also be used for time and frequency tracking. They are scattered in time and frequency following a lattice grid and spanning the maximum bandwidth of the configuration under use. As well as the other reference signals, the CRS is defined by complex-valued sequences generated with length-31 Gold codes, whose initial value depends on the cell identity and the pilot position in time and frequency. The PRS signals are pilot signals exclusively dedicated for positioning purposes. They are transmitted in specific subframes, called positioning occasion. Each positioning occasion may include from one to six consecutive positioning subframes with a periodicity of 160, 320, 640 or 1280 subframes (of 1 ms). The PRS can be configured to occupy a lower bandwidth than the system bandwidth, in order to increase the spectral efficiency. However, they should not be mapped in resource elements allocated to PBCH, PSS or SSS signals. In addition, the PRS is defined by a subframe offset to the start of the radio frame, defined by a configuration index I P RS .
In single-frequency networks (SFN), the inter-cell interference among base stations may prevent accurate signal measurements, as it is studied in Ref. 8 . Thus, the CRS and PRS introduce a frequency reuse factor of six according to the cell identity, i.e. a shift from one to six subcarriers is applied to their frequency pattern given by N cell ID mod 6. Moreover, a method called PRS muting is specified to further reduce the inter-cell interference, by muting some of the base stations transmitting the PRS signal.
III. SDR LTE positioning receiver
The software-defined radio LTE positioning receiver is implemented in MATLAB by post-processing the signal captured with a USRP platform. As it is shown in figure 2, the SDR is based on three main modules: cell acquisition, tracking loops and OTDoA positioning. 
III.A. Cell acquisition
In any LTE terminal, time and frequency synchronization are of paramount importance for cell acquisition. Generally, frequency synchronization has attracted more attention due to the sensitivity of OFDM receivers to carrier frequency offsets (CFO), but timing errors still have to be compensated in order to avoid severe performance degradation. 13 Thus, the acquisition stage is based on the coarse time and frequency synchronization and the cell search procedure.
First, the start of the cyclic prefix is found by using the classical van de Beek algorithm, 14 which is a non-data-aided (NDA) maximum likelihood (ML) estimator written aŝ
with
where x(k) represents the discrete-time signal samples, m is the correlation lag, L is the normal CP length in samples, and ρ is the correlation coefficient, which is approximated to one for high signal-to-noise ratio (SNR). As it can be noticed, the algorithm takes advantage of the redundancy introduced by the cyclic prefix to coarsely estimate the time delay, using the autocorrelation function γ (k), the energy Φ (k) and a sliding window size of L samples. The complexity of the algorithm can be reduced with a recursive computation of γ (k) and Φ (k). 15 In addition, this estimation can be slightly refined by integrating several times the cost function of Eq. (3). An example of this cost function is shown in figure 3(a) . Then, the frequency offset can be coarsely estimated asν
Given the CP-based estimatesτ 0 andν 0 , the coarse synchronisation is completed by compensating these time and frequency shifts on the received signal. Now, the cell detection procedure can be started by removing the cyclic prefix and analysing the signal in the frequency domain. For this purpose, a fast Fourier transform (FFT) is applied to the OFDM signal as
where F {·} is the discrete-time Fourier transform operator. Then, the received frequency symbols r (n) are cross-correlated with the PSS and SSS sequences in order to find the cell identity N cell ID . The applied circular cross-correlation can be expressed as
where d(n) is a circular shifted version of the original pilot sequence and the subscript u denotes the synchronisation sequence (i.e. PSS or SSS). The normalized cross-correlation of the PSS and SSS sequences is shown in figure 3 (b) and 3(c), respectively. As it can be noticed, the avoidance on the transmission of the DC subcarrier degrades the code properties of these sequences, where the ideal autocorrelation for the ZC codes is
and for the m-sequences is
being m the correlation lag, and M equal to 31. Finally, the peak of the correlation leads to the cell identity detection, as follows,N cell ID = 3 · arg max
whereN
ID are the detected cell identity group and sector, respectively.
III.B. Tracking loops
The residual errors resulting from the coarse synchronisation can severely degrade the time delay estimation. Thus, a pull-in process is implemented in order to further reduce the acquisition errors. This process is based on integrating the outputs of a time delay estimator and a carrier frequency offset estimator among several pilot symbols, to reduce the initial acquisition offsets. Taking advantage of the time shift property of the Fourier transform, i.e. F {x (k ± τ )} = r (n) · exp ±j 2π·n·τ N , the TDE estimation becomes a frequency-like estimation problem, and well-known frequency estimators can be adopted for time delay estimation after the FFT operation. For instance, the Fitz estimator proposed in Ref. 16 can be used, as suggested in Ref. 8 . Let us describe the modified autocorrelation function as
where the subset of available pilot subcarriers for correlation lag m is expressed as N p , and y (n) denotes the OFDM signal after the wipe-off of the pilot code d (n) in the frequency domain, i.e. y (n) = r (n) · d * (n). Then, the Fitz estimator for time delay estimation of LTE pilot signals can be expressed as
where N m is the subset of available correlation lags. Similarly, a CFO estimator is based on the phase difference between OFDM pilot symbols, 17 which is defined aŝ
where k is the symbol index and P is the index difference to the previous pilot symbol. Both time and frequency estimators are unbiased for those initial acquisition offsets that fulfil |τ | ≤ T /2 and |ν| ≤ 1/ (2T ), respectively. In order to further reduce the noise effect, severalτ andν estimates are averaged, and the resulting values are used to compensate most of the residual time and frequency errors. Once the initial offsets are sufficiently reduced, tracking loops are implemented to filter the time delay and frequency estimates. The tracking architecture is based on a first-order delay lock loop (DLL) with a second-order phase lock loop (PLL) assist. 18, 19 The TDE estimation of Eq. (13) is fed into the DLL. In addition, it is used to compensate the time delay offset and estimate the phase of the pilot subcarriers,
where N p is the number of pilot subcarriers. Then, the phase estimateφ is introduced in the PLL. The DLL and PLL loop filter coefficients of first and second order, i.e. c 1 and c 2 , respectively, are calculated according to Ref. 18 as
where K 0 K d is the loop gain, ζ is the damping ratio, ω n is the natural frequency, and T L is the sampling period of the loop. Typical values of the loop design are a loop gain K 0 K d equal to one and a damping ratio ζ equal to √ 2/2. Given this damping ratio, the natural frequency for the first order filter is ω n = 4B L and for the second order filter is ω n = 1.89B L , where B L is the noise bandwidth in the loop. 19 The frequency shift estimated by the PLL is used to aid the DLL, with the following scale factor α = F s /F c , 19 where F c is the carrier center frequency. Finally, the output of the loop filters is integrated in order to track the signal in the next interval.
III.C. OTDoA positioning
Once the receiver is in steady state tracking, its location can be finally calculated by means of the OTDoA positioning method.
2 This method is based on the time delay differences between the reference BS and the neighbour BSs to compute the position. As it is shown in figure 4 , the time-difference measurements follow different hyperbolas that intersect in the receiver or user equipment (UE) location, which is then calculated with a trilateration technique. Taking as a reference the serving BS, i.e. BS 1, the difference between TDE estimates (in seconds) of BS 1 and BS i is defined by a nonlinear equation as
where x and y are the user position coordinates, x 1 and y 1 are the BS 1 coordinates, x i and y i are the BS i coordinates, and c is the speed of light. As it can be noticed, the user position unknowns x and y can be solved with at least two time-difference measurements. This computation only requires the knowledge of the base station locations and the time delay offset between their transmission. But in LTE, this information is not provided to the UE. Thus, the UE sends the time-difference measurements, i.e. reference signal time difference (RSTD) measurements, to the network location server, i.e. Evolved Serving Mobile Location Centre (E-SMLC), to estimate the position. Once the position estimate is available, it is then sent back to the user. Although OTDoA is implemented in LTE as a network-based positioning technology, the base stations coordinates and their relative downlink timing are assisted to the SDR receiver in this paper, allowing the UE-based position calculation. The trilateration technique used in the positioning module is based on Fletcher's version of the Levenberg-Marquardt algorithm for minimization of a sum of squares of equation residuals, 21 which is implemented in a MATLAB function of the MathWorks File Exchange repository.
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IV. Validation results
The validation of the SDR LTE positioning receiver is performed with a static LTE scenario. The user equipment and the base stations are fixed at specific positions in order to determine the time delay and power received for each signal. Then, a preliminary performance analysis is provided with the SDR position estimates. 
IV.A. Scenario definition
The setup of the validation scenario is based on a LTE network emulator, the USRP platform and the SDR positioning receiver. The LTE network is emulated using two Spirent E2010S network emulators of the European Navigation Laboratory (ENL) at the European Space Agency (ESTEC, The Netherlands). These two emulators generate four synchronized LTE signals, each signal corresponding to a base station. The four BSs are assumed to belong to the same network operator, thus they are transmitting in the same frequency channel, leading to intra-frequency RSTD measurements. The band 3 at 1800 MHz is chosen for the downlink signal transmission, because it is the most popular spectrum for LTE commercial deployments. 4 Particularly, the E-UTRA Absolute Radio Frequency Channel Number (EARFCN) 23 is the 1750, corresponding to a carrier center frequency of 1860 MHz.
The physical layer of the network emulator is configured with a system bandwidth of 1.4 MHz. The PRS signal is transmitted in the whole bandwidth every 160 ms for six consecutives subframes and an offset of two subframes (i.e. I P RS = 2) . In addition, the network emulator requires as inputs the received power and time delay for each BS. Thus, an urban macro-cell deployment is simulated with a inter-site distance (ISD) of 750 meters, as in Ref. 8 and 9 . The deployment is based on a hexagonal grid with three-sectorial base stations (i.e. 3 dB-beamwidth of 65-degree). As in figure 4 , the UE is located at coordinates {x, y} = {ISD/2, 0} in meters, and the BSs are at coordinates {x i , y i } = ISD/2· 0, 0; 1, √ 3; 2, 0; 1, − √ 3 also in meters. Considering the parameters summarized in Table 1 , the received signal power from BS i is computed using the expression given in Ref. 24 ,
where P tx,i is the transmitted signal power, L i is the macroscopic pathloss, G tx,i is the transmitter antenna gain, G rx is the receiver antenna gain and MCL is the minimum coupling loss, 24 defined as the minimum path loss between mobile and base station antenna connectors. The resulting received power values are: P rx,i = {−54.08, −65.61, −64.31, −65.61} in dBm. Similar power budget calculations can be found implemented in MATLAB-based simulators. 25 The potential inter-cell interference produced by the deployment of more base stations will not be considered. The application of shadowing or multipath are out of the scope of this study.
Once the network emulators are configured, their RF outputs are combined and fed to a USRP N210 platform installed with a DBSRX2 daughterboard. The USRP is then connected through the Gigabit Ethernet port and controlled with the USRP hardware driver (UHD) from a computer. The UHD commands the recording of the complex baseband samples at a sampling ratio of 2 MHz. Finally, the samples are loaded with MATLAB and downsampled to 1.92 MHz, where the LTE signals are processed with the SDR receiver described in Section III. The SDR receiver is assisted with the cell identities and relative time delays of the base stations emulated. The serving cell identity (i.e. BS 1) is first acquired and detected. Then, the assistance information is used to avoid the neighbour cell identification. Since the SDR receiver does not communicate with the network, no user data is transmitted by the emulated BSs. Thus, there are cell-specific reference signals without inter-cell interference. These CRS signals are used for tracking purposes and to validate the positioning module in absence of inter-cell interference and multipath, i.e. only in additive white Gaussian noise (AWGN) conditions.
IV.B. Positioning results
The SDR receiver is able to acquire and synchronise the signals of four base stations, leading to an accurate spectrum response, as it is shown in figure 5 . Observing the CRS and PRS signals, they are shifted in frequency according to the specific cell identities. As expected, the serving cell (i.e. BS 1) has a higher power than the neighbour cells. After the acquisition and the pull-in process, the DLL and PLL loops track the frequency and the observed time-difference of arrival of the received signals, as it can be seen in figure 6 (a) and 6(b). The noise bandwidth B L of the DLL and PLL is set to 1 Hz and 20 Hz, respectively. Since the CRS symbols without interference are only used for estimation, measurements are taken every slot, thus the sampling period of the loops T L is equal to 0.5 ms.
The user position is finally estimated using the OTDoA measurements, as it is shown in figure 6 (c). The estimated positions are obtained after the calibration of the transmission timing offset between LTE signals of the network emulators. However, there is still a bias on the mean value estimated with respect to the true user position, which is approximately equal to 34 cm. In addition, the standard deviation for x and y coordinates is plotted with an ellipse. As it can be seen, the position errors in the x coordinate are lower than in the y coordinate. This is due to the distribution of the base stations and the user position, depicted in figure 4 . The cumulative density function (CDF) of the position errors obtained with the SDR receiver are shown in figure 6(d). As it can be seen, accurate position estimations with errors lower than three meters can be achieved in a static AWGN scenario for a signal bandwidth of 1.08 MHz (i.e. 6 RB).
V. Conclusion
A software-defined radio (SDR) LTE positioning receiver is presented with a detailed description of its architecture. The acquisition and detection of LTE signals corresponding to four different cells is achieved. Frequency and time-delay synchronization is performed in the frequency domain with tracking loops. This synchronisation allows the estimation of three observed time-difference of arrival (OTDoA) in order to compute the position of the user. The receiver positioning module is validated in a static scenario showing a position accuracy lower than three meters in AWGN conditions. Thus, the tool can be an essential element to assess the performance of hybrid GNSS and LTE positioning systems, which could be expanded to any hybrid fusion of satellite and terrestrial signals. Future work is aimed towards this hybrid approach, as well as the performance assessment of LTE achievable positioning capabilities. In addition, the real-time implementation of the receiver may help to test commercial LTE network deployments. 
